The primary degradation of a linear alcohol ethoxylate (AE) and a branched nonylphenol ethoxylate (NPE) was investigated in bench-scale activated sludge units treating a synthetic sewage feed. Biotreaters were gradually adapted to 10-100 mg/J surfactant and effluents monitored for loss of nonionic ethoxylate, foaming, feed BOD removal, nitrification and biosolids growth. Both surfactants were degraded at influent doses of 10-40 mg/L Substantial BOD breakthrough, loss of nitrification, aerator foaming and incomplete removal of the NPE surfactant occurred when fed at 80 and 100 mg//while the unit treating AE was unaffected by high surfactant levels. Comparative aquatic toxicity of the biotreated waste at high surfactant levels indicated that the NPE effluent was acutely toxic (EC50, 7-15% effluent) to the fathead minnow and Daphnia while that of the AE unit was non-toxic (EC50, >lOOo/~ effluent) to these same species. These studies indicate that the treatment of wastes containing high levels of NPE may adversely impact an activated sludge process in incomplete degradation and foaming, impaired BOD removal, loss in nitrification and the formation of toxic effluents. AE surfactants, however, undergo extensive microbial degradation and cause little or no impact on the activated sludge treatment process.
Introduction
Studies on the biodegradation of nonionic ethoxylate-type surfactants by activated sludge microorganisms have demonstrated that linear alcohol ethoxylates (AE) are rapidly and more completely metabolized than nonylphenol ethoxylates (NPE) (Kravetz 1983 and Kravetz et a/., 1982) . These findings were observed in shake flasks and bench biotreaters containing activated sludge inocula and treating synthetic or domestic sewage with surfactant levels of 5-20 mg/L Household nonionic ethoxylates are typically present in untreated domestic sewage at 5 mg/L However, little or no information is available on the biotreatability of these compounds at potentially high industrial use concentrations. A comparative study was made, therefore, of the degradability of AE and NPE surfactants in bench-scale units adapted to 10-100 mg/J ethoxylate. Operating parameters such as BOD 3 and intact surfactant removal, nitrification, sludge floc characteristics and effluent toxicity (fish and Daphnia) were followed during the adaptation phases.
Experimental
Bench-scale biotreaters Three continuous bench biotreaters were seeded with mixed liquor suspended solids (MLSS) obtained from a small domestic sewage treatment plant in Harris County, Houston, Texas. These units, described previously (Salanitro et a/., 1983) consisted of a three liter stirred, air-sparged aerator and a one liter clarifier. Feed vessels and effluent receivers were maintained at refrigerated temperatures. Units were operated at a feed rate of 88day, 15-20 day sludge residence time, aerator MLSS of 2000-3000 mg/4 pH 6.5-7.5, dissolved oxygen 2-4 mg//and a temperature of 23-25°C. The OECD/EEC synthetic sewage (peptone, beef extract, urea and minerals) were similar to that described by Painter and King (1978) except that peptone and beef extract were doubled. This feed contained approximately 230-300 mg/L TOC, 150-200 mg/! BOD, 400 mg/L COD, 65-80 mg// Kjeldahl nitrogen (TKN), 1.5-3.0 mg// NH3 and 20-30 mg/J PO4+. Detergent addition to the biotreaters was accomplished by pumping (Gilson Minipuls* 2 peristaltic metering pump) concentrated filter-sterilized solutions through Won* and Teflon* tubing at a constant flow (50 &/day). Figure 1 gives the general structures and molecular weights of the surfactants tested. The alcohol ethoxylate was commercial grade material and contained a range of C,2-C,5 carbon atoms in the linear alkyl chain with an average polyoxyethylene chain length of 7 Shell Chemical Co.) . The NPE contained a highly branched alkyl chain made from propylene trimer and benzene and an average polyoxyethylene chain length of 9 (Igepal CO-630). Biotreaters were adapted to 0 (control) or 10-100 mg/J AE or NPE ethoxylate over a six month period.
Analysis of biotreatment parameters
Influent and effluent samples from each activated sludge unit were taken once or twice per week and analyzed for TOC total organic carbon), BOD (biochemical oxygen demand, 5 days), ammonia (NH4+), nitrate (NO3-), phosphate (P04-3) and CTAS (cobaltothiocyanate active substance for in- (1985) . The amount of intact surfactant in effluents (preserved with 1% formalin) was analyzed by the CTAS method (Boyer et a/., 1977) . Intact surfactants and effluents from biotreaters degrading 100 mg// ethoxylate were also subjected to aquatic toxicity testing using Daphnia pulex, fathead minnows (Pimephales promelas), and Microtox* bacteria (Peltier and Weber, 1985 and Beckman, 1982 , and Standard Methods, 1985 .
Results and discussion
Biotreater effluent characteristics and surfactant degradation During the detergent adaption period effluent BOD remained <10 mg// in the control and AE units ( Figure 2 ) indicating that nearly all (>95%) of the biodegradable organics in the synthetic feed were removed. Breakthrough of readily degradable feed constituents appeared in the effluent (BOD, 10-20 mg//) of the NPE unit upon the step-increase to 80 and 100 mgP surfactant. Elevations in TOC and COD values in the NPE unit were also assaciated with a breakthrough of organic material and undegraded ethoxylate compared with the control and AE biotreaters. Estimation of the extent of primary degradation was determined by CTAS analysis of effluents. During the initial acclimation phases the AE and NPE units degraded the 10,20 and 40 m g P influent surfactant doses; effluent CTAS values were similar to the control receiving no surfactant ( Figure 3 ). However, significant breakthrough of intact surfactant (10-20 mg//') was observed in the NPE unit when influent ethoxylate concentrations were increased to 80 to 100 mg/L High levels of CTAS were detected in the NPE effluent (up to 40-55 mgM) during the 150 day period in which NPE was fed continuously at 100 mgP ( Figure 3 ). In contrast, the activated sludge unit treating the AE readily adapted to all concentrations of influent surfactant (10-100 mg//); effluent CTAS were similar (<1 mgP) to the control. A comparison of the ultimate biodegradability (transformation of organic carbon to C02) of AE and NPE was made in a modified Sturm test (Sturm, 1973) . Acclimated activated sludge cultures from the AE and NPE units were incubated with 50 mglysurfactant and the rate of C 0 2 formation measured over 14 days at 25°C. AE was rapidly and extensively oxidized to 70-75% of the theoretical C02 yield (Figure 4 ). Organic carbon from the NPE ethoxylate, however, was metabolized to 2530% of the theoretical C02 yield during the same period. Sodium benzoate, a positive control substrate, was also mineralized extensively (80-90% of the theoretical yield) in seven days. These Sturm test data support the biotreatability observations that AE is biodegraded to C02 more completely than the NPE surfactant.
Foam height tests on biotreated effluents also confirmed that significant amounts of undegraded ethoxylate (effluent foam height 1-18 m/ after three minutes) were present in the NPE unit during adaptation to 80-1 00 mgVsurfactant. The AE biotreater consistently produced effluents with low levels of foam (0-4 myafter three minutes) during adaptation to all levels of the ethoxylate.
These data indicate that adaptation and ultimate degradation by activated sludge of the NPE ethoxylate is incomplete and fluctuates widely from periods of low removal (high effluent CTAS, 2-40 mgP) to intermediate removal (effluent CTAS, 520 mgW). However, the AE surfactant degrades rapidly with little or no residual surfactant detected in the effluent. 
Nitrification
Nitrification is a microbial process in which ammonia (NH4+) is converted to nitrate (NO3-). Although nitrifying bacteria present in activated sludge are some of the more sensitive species to toxic compounds present in wastewater, this conversion is important for removing potential effluent fish toxicity due to high feed NH4+ concentrations. Figure  5 shows data on the effluent concentration of NO3-during detergent adaptation. In these experiments most of the NH4+ for nitrification is derived from the degradation (hydrolysis, deamination) of organic nitrogen material present in the synthetic sewage feed (e.g., urea, peptone, yeast extract). Effluent from the control unit consistently produced low levels of NH4+ (120 mg/L) and high NO3-(150-280 mg/L) indicating that a significant portion (>go%) of the feed nitrogen had been mineralized. It was calculated that if all the feed nitrogen (total nitrogen ca 55-80 mg/L) were nitrified, about 240-280 mg/JN03-would be formed. This estimate agrees well with the amount of NO3-analyzed in the control effluent. The AE unit also converted feed nitrogen to NO3-similar to the control during adaptation to high detergent levels. Although effluent NH4+ reached 20-35 mg/Lduring acclimation to 10, 20, and 40 mglLAE, nitrification continued and increased to high levels (220-250 mg// effluent NO3-) even after step increases of 80 and 100 mg/J detergent. The NPE unit nitrified during the 20 and 40 mg// surfactant adaptation phases, however, higher detergent levels (80 and 100 mg/L) were apparently toxic to nitrifying organisms and this biotreater lost its nitrification ability producing effluents with high NH4+ (60-80 mg/L) and little or no detectable NO3-. The NPE unit never regained nitrification even after 60-80 days feeding of 100 mg/Lsurfactant. These data indicate that nitrifying microbes present in activated sludges are not affected by high concentrations (80-100 mg/L) of AE; however, the NPE ethoxylate and/or its metabolites are toxic or inhibit the growth and activity of these bacteria at similar high doses.
Aquatic toxicity
Daphnia and the fathead minnow were more sensitive (EC50, 0.5-0.8 mg/L) to intact AE than NPE (EC50, 1.5-2.9 mg/L); the Microtox bacteria were less sensitive to either ethoxylate (Table 1) . Effluent from the NPE unit treating 100 mgMsurfactant was highly toxic to Daphnia and the fathead minnow (EC50, 7-15% effluent). In contrast, the AE unit treating 100 mg/L ethoxylate had an effluent that was not toxic (similar to control) to either species. These results indicate that intact surfactant and/or metabolites toxic to aquatic species are formed due to the incomplete degradation of high NPE levels by activated sludge microbes. Studies by Yoshimura (1986) , and Stephanou and Giger (1982) 
Aerator and effluent suspended solids (SS)
Effluent SS increased markedly (300-500 mglL) during acclimation of the NPE (0-40 mglL) unit. However, intermittent elevations in effluent solids (50-100 mgM) also occurred during the 150-day experimental period. The control and AE effluents usually had 120 mgUSS. The increase in effluent SS in the NPE unit indicates that this detergent affected aggregation and growth of the biosludge flocs. Deflocculation occurred and caused increases in dispersed bacteria and pinpoint flocs as well as sludge bulking in the clarifier. The bulking and dispersed bacteria may be due to a surface effect by the detergent on disrupting biofloc formation andlor growth inhibition (toxicity) of flocforming and filamentous bacteria. The imbalance of growth of floc formers and filamentous organisms in activated sludges has been established as a model to account for the formation of bulking sludges, dispersed bacteria and pinpoint flocs (Lau, et a/., 1984) . The SVI, however, measured for the aerator SS in the control, AE and NPE units, was 550 mglk Filamentous bacteria were clearly visible in all flocs from units adapted to 10-40 mglL; many higher forms such as ciliates, flagellates, and rotifiers were observed in the control, AE units. The AE biosludge formed compact, dense, and good settling flocs. Fewer protozoa and filamentous organisms were evident in the NPE unit during the same period in which 10 mglLdetergent was fed. The appearance of a cream-colored biosolids also coincided with the loss of filamentous bacteria in the NPE unit. Substantial deflocculation (broken flocs) and the formation of small pinpoint flocs and dispersed bacteria were evident when NPE was fed at 80 and 100 mgM Filamentous bacteria and protozoa (ciliates) with compact dense flocs were present in the control and AE units while little or no filaments or higher organisms were observed in the NPE unit. The NPE biosolids contained a significant fraction of dispersed bacteria and small flocs. These microscopic results confirm observations on the formation of substantial effluent SS and dispersed bacteria when activated sludges are adapted to high NPE levels.
